Aberrant DNA methylation is a critically important modification in cancer cells, which, through promoter and enhancer DNA methylation changes, use this mechanism to activate oncogenes and silence of tumor-suppressor genes. Targeting DNA methylation in cancer using DNA hypomethylating drugs reprograms tumor cells to a more normal-like state by affecting multiple pathways, and also sensitizes these cells to chemotherapy and immunotherapy. The first generation hypomethylating drugs azacitidine and decitabine are routinely used for the treatment of myeloid leukemias and a next-generation drug (guadecitabine) is currently in clinical trials. This review will summarize preclinical and clinical data on DNA hypomethylating drugs as a cancer therapy.
D
NA methylation occurs through covalent addition of a methyl group by DNA methyltransferases (DNMTs) to the C5 position of cytosine to form 5-methylcytosine (5mC). There are three members of DNMTs that have catalytic activity for DNA methylation-DNMT1, DNMT3A, and DNMT3B. DNMT1 is a maintenance methyltransferase that methylates preexisting hemimethylated DNA, whereas DNMT3A and 3B are de novo methyltransferases that establish methylation on unmethylated DNA (Baylin and Jones 2011) . Other related members include DNMT3L, which lacks a catalytic domain and can modulate the activity of other DNMTs (Wienholz et al. 2010) , and DNMT2, which has activity as a RNA methyltransferase (Goll et al. 2006) . Demethylation of 5mC occurs through a reaction mediated by the three members of the ten-eleven trans location (TET) family, TET1, TET2, and TET3. TETs catalyze the conversion of 5mC to 5-hydroxymethylcytosine (5hmC), and 5hmC can be converted back to unmethylated cytosines either through active demethylation by the base excision repair pathway or passive demethylation by loss of 5hmC during cell division (Williams et al. 2012; Jin et al. 2015) . DNA methylation can be recognized and bound by the methyl-binding proteins MBD1, MBD2, MBD4, and MeCP2. These MBDs form complexes with other epigenetic enzymes such as histone deacetylases (HDAC) and histone methyltransferases that catalyze the addition of histone modifications, which lead to compaction of the chromatin and silencing of gene expression (Parry and Clarke 2011) .
The majority of DNA methylation occurs at cytosines that are followed by guanines (CpG sites), and there are certain regions in the genome where there is a high density of CpG sites that are termed CpG islands (CGIs). Fifty percent of gene promoters contain CGIs, and methylation of these CGIs has been associated with repression of gene expression (Taby and Issa 2010) . In normal tissues, CpG sites throughout the genome are usually methylated, whereas promoter CGIs are usually unmethylated, with exceptions being the inactive Xchromosome, the silenced alleles of imprinted genes, and tissue-specific genes (Shen et al. 2007a; Smith and Meissner 2013) .
CANCER AND DNA METHYLATION
Although DNA methylation in normal adult tissues is relatively stable, extensive DNA methylation changes occur in cancer that lead to global hypomethylation of the genome along with focal hypermethylation at promoter CGIs (Jones and Baylin 2007; Taby and Issa 2010; Jelinek et al. 2012 ). Five to ten percent of promoter CGIs become hypermethylated in most cancers, leading to silencing of many critical tumor-suppressor genes such as VHL, RB1, CDKN2A, MGMT, GATA4, and MLH1 (Taby and Issa 2010; Baylin and Jones 2011) . In any given cancer, the number of genes showing promoter DNA methylation-associated gene silencing in cancer is substantially higher than those genes inactivated by genetic mutations, indicating that the majority of tumor-suppressor gene silencing in cancer is through epigenetic mechanisms (Plass et al. 2013) . Global hypomethylation of the genome usually occurs in intergenic areas and does not have large effects on gene expression, but, in some cases, profound hypomethylation can lead to genomic instability through increased frequency of mutations, deletions, amplifications, inversions, and translocations (Chen et al. 1998) .
One of the most well-known examples of the effect of DNA methylation on cancer occurs in patients categorized as having the CGI methylator phenotype (CIMP). CIMP was originally identified in colon cancer and indicates an abundance of cancer-specific hypermethylated promoter CGIs (Toyota et al. 1999) . In colon cancer, CIMP is tightly correlated with BRAF mutations (Weisenberger et al. 2006; Shen et al. 2007b; Yagi et al. 2010; Hinoue et al. 2012; TCGA 2012) , whereas in glioblastoma, CIMP tumors are associated with a high rate of IDH1 mutations and a better outcome (Noushmehr et al. 2010; Brennan et al. 2013) . Further supporting the critical role of DNA methylation in cancer development, mutations in enzymes that regulate DNA methylation frequently occur in many hematological malignancies. DNMT3A has been found to be one of the most frequently mutated genes in hematological cancers (Yang et al. 2015) . Loss-of-function mutations of TET2 or gain-of-function mutations of IDH1 or IDH2 frequently occur in hematological malignancies and are mutually exclusive (Abdel-Wahab et al. 2009; Delhommeau et al. 2009; Langemeijer et al. 2009; Gaidzik et al. 2012; Plass et al. 2013) . IDH usually converts isocitrate to a-ketoglutarate, but mutant IDH will convert a-ketoglutarate to 2-hydroxyglutarate (2-HG) (Cohen et al. 2013) , and 2-HG is an inhibitor of the TET proteins that mediates DNA demethylation (Xu et al. 2011) . Patients with mutations in TET2 or IDH have specific hypermethylation signatures in both acute myelogenous leukemia (AML) (Figueroa et al. 2010; TCGA 2013; Yamazaki et al. 2015 Yamazaki et al. , 2016 and glioblastoma (Noushmehr et al. 2010; Turcan et al. 2012; Brennan et al. 2013) .
DNA HYPOMETHYLATING DRUGS IN THE CLINIC
Given the reversibility of epigenetic modifications and the substantial DNA methylation changes that occur in cancer, it was hypothesized that DNA hypermethylation at promoter CGIs could be reversed to reexpress silenced genes and reprogram cancer cells to a more normal-like state.
This led to the pursuit of DNMT inhibitors for the treatment of cancer, and two DNMT inhibitors have had significant success in the clinic. They are the nucleoside analogs 5-aza-2 0 -deoxycytidine (decitabine) and 5-azacytidine (azacitidine) ( Table 1) . These inhibitors incorporate into newly synthesized DNA where they form a covalent bond with DNMTs, leading to the degradation of these DNMTs and hypomethylation of the genome through passive demethylation as the cells replicate and DNA methylation is not maintained (Issa and Kantarjian 2009 ). The main difference between these drugs is that decitabine incorporates into DNA, whereas azacitidine can incorporate into both DNA and RNA.
Decitabine and azacitidine were originally developed as cytotoxic anticancer agents in the 1960s, where they were used at high doses without clinical success (Taby and Issa 2010) . However, further studies with these drugs led to the observation that they could cause differentiation of cells by inhibiting methylation of DNA (Jones and Taylor 1980) . Importantly, it was discovered that hypomethylation after decitabine or azacitidine treatment did not occur at very high doses like the ones used previously in the clinic (Issa and Kantarjian 2009 ). These effects were attributed to the fact that high doses of decitabine and azacitidine would inhibit cell proliferation and DNA synthesis, and the incorporation of these drugs into DNA as well as their passive DNA demethylation effect were dependent on cell replication ( Fig. 1) (Qin et al. 2007 ). Therefore, it was hypothesized that giving lower doses of the drug would lead to more effective DNA demethylation and improved clinical results (Issa and Kantarjian 2009 ). This hypothesis was supported by early phase clinical trials, which showed that repeated exposure with low doses of the inhibitors led to DNA demethylation and better responses than using the drugs at high doses (Wijermans et al. 2000; Issa et al. 2004 ).
These results eventually led to a phase III clinical trial of azacitidine in treating myelodysplastic syndrome (MDS) (Silverman et al. 2002) . Patients that received azacitidine had an increased response rate (60% vs. 5%) and delayed progression to leukemia (21 mo vs. 13 mo) when compared with patients receiving supportive care (Silverman et al. 2002) . Following these results, the FDA approved the use of azacitidine in 2004 for the treatment of patients with MDS (Taby and Issa 2010) . A follow-up international phase III clinical trial confirmed the efficacy of azacitidine in treating MDS, as patients treated with azacitidine had higher median overall survival (24.5 mo) compared with patients receiving conventional care (15 mo) (Fenaux et al. 2009 ).
Meanwhile, a phase III clinical trial of decitabine in treating MDS resulted in higher response rate (17% vs. 0%) and longer median time to leukemia or death (12.1 mo vs. 7.8 mo) in patients treated with decitabine compared with best supportive care . These results led to the 2006 FDA approval of decitabine in the treatment of patients with MDS (Taby and Issa 2010) . Follow-up studies that optimized the dosing schedule showed a very high response rate (.70% objective response) of MDS patients treated with decitabine and increased survival compared with patients treated with chemotherapy (22 mo vs. 12 mo) (Kantarjian et al. 2007a,b) . A more recent phase III trial performed in elderly patients with MDS that are ineligible for intensive chemotherapy showed that patients treated with decitabine had increased progression-free sur- vival (6.6 mo vs. 3 mo) and increased overall response rate (34% vs. 2%) when compared with patients receiving the best supportive care (Lübbert et al. 2011 ). DNMT inhibitors have also shown effectiveness in treating patients with other leukemias. A phase II study in patients with chronic myelogenous leukemia (CML) showed complete response in 34% and partial response in 20% of patients treated with decitabine (Issa et al. 2005) . Activity was also seen in AML, as a multicenter phase III trial performed on AML patients treated with decitabine showed an increase in overall survival (7.7 mo vs. 5.0 mo) and CR rate (17.8% vs. 7.8%) when compared with treatment choice (Kantarjian et al. 2012) . These results led to the approval of decitabine in AML in Europe.
The effect of decitabine and azacitidine has a slower onset than traditional cytotoxic therapies, which usually require only one cycle of treatment to achieve a complete remission. For example, one study reported that although median time to first response to azacitidine was two cycles, continued treatment improved response in 48% of patients (Silverman et al. 2011 ). Another study reported that patients that show no evidence of response to decitabine after 3 mo can end up achieving complete remission with continued treatment (Oki et al. 2008) . The delayed onset of response is consistent with the mechanism of action of decitabine and azacitidine, as the hypomethylation that occurs in response to inhibition of DNMTs is dependent on cell replication.
Treating solid tumors with DNMT inhibitors remains a challenge because solid cancers tend to have lower drug penetrance in larger tumors and often proliferate at slower rate 
High-dose hypomethylating drug Low-dose hypomethylating drug
Cell replication
Stalled replication fork
DNMT degraded cell replication without DNMT DNA repair of cytosine Figure 1 . Comparison of the effects of high dose and low dose of hypomethylating drugs on cancer cells. When cells are treated with high doses of hypomethylating drugs, the drug gets incorporated in the DNA in a cellreplication-dependent manner, then binds and traps DNA methyltransferases (DNMTs). This causes the formation of bulky adducts, leading to a stalled replication fork and inhibition of DNA replication, which causes cell death. When cells are treated with low doses of hypomethylating drugs, the drugs still incorporate into DNA and bind the DNMTs, but the DNMTs end up being degraded. Without DNMTs to maintain DNA methylation, CpG sites lose their methylation after cell replication, and transcription of genes silenced by promoter methylation is restored.
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than hematological cancers, which is problematic for DNMT inhibitors that are known to be S-phase-dependent and unstable in solution (Issa and Kantarjian 2009 ). However, there is evidence that DNMT inhibitors can be effective in inhibiting the growth of solid tumors in vitro (Bender et al. 1998; Qin et al. 2009; Tsai et al. 2012) . Recent clinical trials of decitabine in solid tumors (Stewart et al. 2009 ) and azacitidine in combination with an HDAC inhibitoron nonsmall-cell lung cancer patients showed some objective responses (Juergens et al. 2011 ). There are ongoing clinical trials to determine whether using hypomethylating drugs as a monotherapy or in combination with other agents can be an effective therapy for solid tumors. Collectively, these data indicate that hypomethylating drugs are an important therapy that acts through epigenetic mechanisms to target cancer instead of inducing general toxicity as seen with other chemotherapies. Although the mechanism of action of decitabine and azacitidine are proposed to be very similar, it is yet to be determined whether these two drugs will lead to different clinical outcomes because they have never been directly compared. There are some indications that the two drugs can have differing effects, as one study showed that some MDS patients resistant to azacitidine could be treated with decitabine and achieve objective responses (Borthakur et al. 2008) . Regardless, both drugs remain important agents in the clinical treatment of MDS and leukemia, and quite possibly for solid tumors in the future.
RESISTANCE TO DNA HYPOMETHYLATING DRUGS
Despite the initial success of DNMT inhibitors in the treatment of MDS, lack of initial response to therapy ( primary resistance), or acquired resistance after robust initial responses (secondary resistance) remains a major obstacle (Issa and Kantarjian 2009 ). Only 50% of MDS or AML patients treated with hypomethylating drugs achieve a clinical response (Treppendahl et al. 2014) . Therefore, efforts have been made to find predictive biomarkers to DNMT inhibitors, but there has been limited correlation observed with biomarkers such as DNA methylation before therapy or hypomethylation of tumor-suppressor genes after therapy (Oki et al. 2007; Fandy et al. 2009 ). Because all cancer patients have methylation defects, the key to correlating DNA methylation with response may be to find the right set of methylated gene promoters to use as biomarkers or to study methylated sequences outside the promoter region that may control gene expression, such as enhancers. Interestingly, a recent study found responders and nonresponders to decitabine could be distinguished in 40 chronic myelomonocytic leukemia (CMML) patients by using 167 differentially methylated regions that were primarily located in distal intergenic regions and enhancers (Meldi et al. 2015) . It will be important to determine whether this observation can be replicated in a larger set of patients and in other leukemias. On the other hand, measuring hypomethylation of genes after therapy may not be the best approach to use as biomarkers because cells that are most sensitive to therapy and become hypomethylated may be the first to die off, leaving behind only the cells resistant to hypomethylation (Qin et al. 2007) .
Mutations in proteins involved in regulation of DNA methylation have been tested as biomarkers for response to hypomethylating drugs, but the results have been mixed (Treppendahl et al. 2014 ). For example, two studies have found that MDS or AML patients with TET2 mutations were more likely to respond to hypomethylating drugs Bejar et al. 2014) , but two other studies have found limited correlation between TET2 mutations and response in MDS and CMML patients (Braun et al. 2011; Voso et al. 2011 ). Another recent study on patients with MDS and related disorders found a correlation between response to azacitidine or decitabine with TET2 or DNMT3A mutations (Traina et al. 2014) . Because of to these conflicting reports, more studies are needed to establish whether TET2 or DNMT3A mutations can serve as a biomarker for hypomethylating drugs.
One cause of primary resistance to hypomethylating drugs was discovered when it was observed that cell lines that were resistant to decitabine in vitro had low deoxycytidine kinase (DCK), which activates decitabine through phosphorylation, and high cytosine deaminase (CDA), which inactivates decitabine through deamination (Qin et al. 2009 ). When resistance to decitabine was investigated in MDS patients, it was found that patients with primary resistance had a threefold higher CDA/DCK ratio (Qin et al. 2011) . Another factor for the primary resistance may be the instability of DNMT inhibitors, because decitabine and azacitidine are rapidly cleared from the body and have a half-life less than 1 h (Derissen et al. 2013) . In terms of secondary resistance, it was observed that a stable clone that initially responded to decitabine but gained secondary resistance had mutations in DCK (Qin et al. 2009 ). However, this mutation was not observed in any of the MDS patients that were treated with decitabine and developed secondary resistance (Qin et al. 2011 ).
EXPERIMENTAL STUDIES ON THE EFFECT OF DNA HYPOMETHYLATING DRUGS
There has been major progress made in experimental settings to better understand the effects of DNMT inhibitors. Studies using 27K or 450K methylation arrays (Tsai et al. 2012; Klco et al. 2013; Pandiyan et al. 2013) , as well as with whole genome bisulfite sequencing (Lund et al. 2014) have shown that DNA demethylating agents cause global hypomethylation throughout the entire genome. However, these studies have also shown that only a small percentage of genes that undergo promoter hypomethylation actually become reactivated (Tsai et al. 2012; Klco et al. 2013; Pandiyan et al. 2013; Lund et al. 2014) . This is most likely because other factors such as expression of the right transcription factor, changes in histone acetylation, changes in histone methylation, or chromatin remodeling are required on top of DNA demethylation for reactivation of gene expression, giving DNMT inhibitors a degree of specificity (Kondo et al. 2004; Paul et al. 2010; Si et al. 2010; Pandiyan et al. 2013) . In fact, genes that gained chromatin accessibility after decitabine treatment were more likely to be genes that are expressed in normal tissue and down-regulated in cancer (Pandiyan et al. 2013) .
In contrast to DNA methylation in the promoter, methylation in the gene body is usually associated with activation of gene expression (Maunakea et al. 2010; Jones 2012; Kulis et al. 2012; Varley et al. 2013) . Because decitabine and azacitidine lead to global hypomethylation of the genome, these drugs also affect gene body methylation. This was shown by a recent study showing that decitabine can down-regulate expression of genes regulated by c-MYC as well as genes involved in metabolic processes through demethylation of gene bodies (Yang et al. 2014 ). This study indicated that, in addition to the therapeutic benefit gained from reactivation of silenced tumor-suppressor genes, hypomethylating drugs can also have a dual benefit by down-regulating oncogenes and metabolic genes (Yang et al. 2014) .
Hypomethylating drugs can have very longterm effects on gene expression even after removal of the drug. The expression of a silenced, stably integrated GFP could still be detected 3 mo after initial decitabine treatment in a colon cancer model (Raynal et al. 2012) . Similarly, the expression of a subset of alleles remained demethylated for more than 3 mo after treatment with decitabine in a breast cancer model (Kagey et al. 2010) . These findings were also observed in a third study, in which it was found that low-dose DNMT inhibitors cause longterm gene-expression changes of hypermethylated genes involved in key antitumor pathways such as apoptosis, increased lineage commitment, and down-regulation of cell cycling (Tsai et al. 2012) . Importantly, these long-term gene changes led to inhibition of cancer-initiating cells and tumor growth (Tsai et al. 2012) .
In addition to the effect that hypomethylating drugs have on cancer cells, these drugs also affect the tumor microenvironment. For example, one study observed decreased angiogenesis after decitabine treatment because of inhibition of endothelial cell proliferation (Hellebrekers et al. 2006) . Another study found that decitabine treatment increased expression of THBS1, which is an antiangiogenesis factor commonly methylated and silenced in various tumors (Li et al. 1999) . Consistent with these findings, combining azacitidine with lenalidomide, an FDA-approved therapy for MDS that has been shown to mediate some of its effects through affecting the tumor microenvironment, has shown promise in a phase II clinical trial on higher risk MDS patients (Sekeres et al. 2012) .
IMMUNE RESPONSE MEDIATED BY DNA HYPOMETHYLATING DRUGS
Cancer cells avoid detection by the host immune system through altered expression of tumor-associated antigens and secretion of cytokines, which leads to deficient antigen presenting cells and cytolytic T cells (Heninger et al. 2015) . DNA methylation is responsible for silencing of many immune-related genes, and DNMT inhibitors have been shown to induce expression of these genes in various experimental settings and clinical trial studies (Karpf et al. 1999; James et al. 2013; Wrangle et al. 2013; Odunsi et al. 2014; Heninger et al. 2015) . For example, in a study looking at 63 cancer cell lines derived from breast, colorectal, and ovarian cancers that were treated with low-dose azacitidine for 3 days, it was found that genes commonly up-regulated by azacitidine were enriched for immunomodulatory genes and pathways such as cancer testis antigens (CTAs), interferon signaling, antigen presentation, inflammation, and cytokine signaling (Li et al. 2014 ). These immunomodulatory pathway genes were grouped together and termed the azacitidine immune gene set (AIMs). Patients in clinical trials that were treated with azacitidine and the HDAC inhibitor entinostat for 8 weeks had a higher expression of these AIM genes (Li et al. 2014) .
Two recent studies have clarified the mechanism of the DNMT inhibitor-mediated immune response by showing that DNMT inhibitors could demethylate and induce endogenous retroviral sequences (ERVs), which led to activation of the cellular antiviral response (Chiappinelli et al. 2015; Roulois et al. 2015) . One study looked at colorectal cancer cells treated with low-dose azacitidine, and found that there was a group of genes that were still highly expressed 42 days after drug withdrawal (Roulois et al. 2015) . These genes were enriched in the interferon response and MDA5/MAVS RNA recognition pathway, and the up-regulation of these genes was mediated by hypomethylation of endogenous retroviral elements, which led to the expression of viral dsRNAs (Roulois et al. 2015) . This viral recognition pathway was essential for the ability of azacitidine to inhibit cancer-initiating cells (Roulois et al. 2015) . A second study studying ovarian cancer cells also found that the RNA-sensing pathways MAVS and TLR3 were up-regulated after azacitidine treatment, and this was a result of increased demethylation and expression of ERVs (Chiappinelli et al. 2015) . Importantly, melanoma patients treated with immune checkpoint therapy with a high viral defense gene-expression signature had better clinical response, and mice pretreated with azacitidine had an amplified response to anti-CTLA4 immune checkpoint therapy, indicating that patients that lack the viral defense gene-expression signature may benefit from treatment with hypomethylating drugs before treatment with immunotherapy (Chiappinelli et al. 2015) .
Given these findings relating cancer immune response to DNMT inhibitors, there is an ongoing phase II clinical trial to study the efficacy of the PD-1 inhibitor nivolumab on lung cancer patients pretreated with DNMT inhibitors (NCT01928576). These findings are also intriguing because biomarkers to predict response to DNMT inhibitors have been lacking as mentioned previously. Incorporating the expression of immune response genes affected by DNMT inhibitors with the expression of tumor-suppressor genes reactivated by DNMT inhibitors may give us a better ability to predict patients and cancers that will have the optimal response to hypomethylating drugs.
COMBINATION THERAPY WITH DNA HYPOMETHYLATING DRUGS
HDAC inhibitors have had success in the clinic for treating cutaneous T-cell lymphomas (Duvic et al. 2007; Whittaker et al. 2010) , and combining DNMT inhibitors with HDAC in-hibitors led to synergistic effects on reactivation of silenced tumor-suppressor genes (Cameron et al. 1999; Kalac et al. 2011) . These observations led to the testing of this combination in numerous clinical trials. Because DNMT inhibitors are dependent on cell replication for its hypomethylating action and HDAC inhibitors lead to cell-cycle arrest, the effect of the combination is maximized when cells are treated with DNMT inhibitors first then with HDAC inhibitors, and clinical trials have mainly been tested using this dosing schedule. However, clinical trials have shown limited evidence of this combination being effective in improving patient survival (Garcia-Manero et al. 2006; Gore et al. 2006; Blum et al. 2007; Lin et al. 2009; Prebet et al. 2014; Issa et al. 2015a ). For example, a recent phase II clinical trial in patients with MDS or AML showed that patients receiving only azacitidine had a median overall survival of 18 mo compared with 13 mo for the patients receiving the combination of azacitidine and entinostat (Prebet et al. 2014) . Another phase II clinical trial in patients with MDS or AML showed that patients receiving only decitabine had a CR rate of 31% with overall response rate of 51%, compared with patients receiving decitabine along with valproic acid who had a CR rate of 37% and an overall response rate of 58%, neither of which were significantly improved over decitabine alone (Issa et al. 2015a ). The median survival of patients receiving decitabine compared with decitabine plus valproic acid also did not have a significant improvement (11.2 mo vs. 11.9 mo). The lack of clinical success of combining these two agents may be because of the large, nonspecific gene-expression changes that occur when treating cells with HDAC inhibitors (Peart et al. 2005; LaBonte et al. 2009; Chueh et al. 2015) .
Other agents that DNMT inhibitors have been combined with in clinical trials include lenalidomide, carboplatin, cisplatin, gemtuzumab ozogamicin, erythropoietin, filgrastim, romiplostim, bortezomib, arsenic trioxide, and sorafinib (Blum et al. 2012; Sekeres et al. 2012; Greenberg et al. 2013; Ravandi et al. 2013; Glasspool et al. 2014; Navada et al. 2014; Daver et al. 2015) . These trials have produced mixed results about whether the combinations are beneficial and require further investigation, although the trials investigating the sensitization of cancers to platinum compounds by pretreatment with hypomethylating drugs have been particularly promising (Matei et al. 2012) . The combination of decitabine with platinum compounds such as carboplatin is made even more intriguing by the fact that this combination showed increased epigenetic activity in reactivation of silenced tumor-suppressor genes such as MLH1 and PDLIM4 . This epigenetic synergy was found to be mediated through inhibition of HP1a expression by the platinum compounds, which led to reduced binding by MeCP2 and MBD2 . Similarly, combining arsenic trioxide or cardiac glycosides with hypomethylating drugs may have potential because a recent study showed that these drugs can also reactivate epigenetically silenced tumor-suppressor genes . There are other epigenetic therapies in clinical development such as EZH2 inhibitors (McCabe et al. 2012; Knutson et al. 2013 ), LSD1 inhibitors (Mohammad et al. 2015) , and BET inhibitors (Filippakopoulos et al. 2010) , which have shown promising results in early clinical trials. It will be intriguing to explore whether these agents could have additive or synergistic effects in the clinic when combined with DNMT inhibitors because they may lead to synergistic gene reactivation as seen with the combination of hypomethylating drugs with HDAC inhibitors.
DEVELOPMENT OF NOVEL DNA HYPOMETHYLATING DRUGS
After the success of decitabine and azacitidine in the clinic, efforts were made to develop more effective hypomethylating drugs (Table 1) . Zebularine is a cytidine analog similar to decitabine and azacitidine that incorporates into DNA and forms a reversible complex with DNMTs, effectively preventing methylation (Zhou et al. 2002; Champion et al. 2010) . RG108 is a small molecular inhibitor discovered through virtual screening that binds to the catalytic site of DNMT1 and shows reactivation of silenced tumor-suppressor genes such as P16, SFRP1, and TIMP3 (Brueckner et al. 2005) . CP-4200 is an elaidic acid derivative of azacitidine that allows entry into the cell independent of nucleoside transporters (Brueckner et al. 2010) . Nanaomycin A is a small molecular inhibitor that has been shown to be selective for DNMT3B (Kuck et al. 2010) . FdCyd is a nucleoside analog that has shown the ability to inhibit DNMTs and is undergoing early-stage clinical trials but requires simultaneous administration of tetahyrdrouridine to reduce enzymatic deamination (NCT00978250) (Newman et al. 2015) . Further studies are needed to determine whether any of these inhibitors are more effective than azacitidine or decitabine in their ability to demethylate and reduce growth of tumors.
The most advanced of these novel DNA hypomethylating drugs has been SGI-110 (guadecitabine). Guadecitabine was designed to overcome one of the main limitations of decitabine and azacitidine, which is its instability in the human body because of degradation by CDA. This was accomplished by developing a compound with the structure of decitabine linked to a deoxyguanosine, which made it into a more stable compound resistant to this degradation (Griffiths et al. 2013) . In experimental settings, guadecitabine had improved bioavailability and increased half-life while still maintaining the ability to act as a hypomethylating drug (Griffiths et al. 2013) . In clinical trials, guadecitabine has shown promising results in a phase I clinical trial involving 93 patients with either AML or MDS (Issa et al. 2015b) . Guadecitabine was well In cancer cells, hypomethylating drugs can lead to reactivation of tumor-suppressor genes through demethylation of gene promoters, reactivation of oncogenes through demethylation of gene bodies, and reactivation of endogenous retroviral sequence (ERV) and tumor antigen expression through demethylation of these elements. These events lead to cell differentiation, death, inhibition of cell proliferation, sensitization to chemotherapy, and sensitization to immunotherapy. In the tumor microenvironment, hypomethylating drugs lead to increases in immune response and decreases in angiogenesis, which can subsequently lead to sensitization to immunotherapy and inhibition of the stem-cell niche.
tolerated and maximal demethylation occurred at 60 mg/m 2 with no additional demethylation at higher doses, similar to previous clinical data from decitabine and azacitidine. Six out of 19 MDS patients and six out of 74 AML patients had a clinical response to SGI-110. Importantly, there was a strong correlation between response and demethylation, indicating that guadecitabine is reducing tumor growth by acting as a hypomethylating drug (Issa et al. 2015b) . Guadecitabine is now in phase II -III clinical trials in MDS and AML (NCT02096055 and NCT01261312).
CONCLUDING REMARKS
Modifications in DNA methylation is a critically important process in tumor initiation as well as progression. Targeting DNA methylation using DNMT inhibitors has changed the way we treat cancer, as it is an established therapy for MDS and AML. Hypomethylating drugs can be used to target cancer through effects on both the cancer itself and the surrounding tumor microenvironment (Fig. 2) . Our increase in understanding of the mechanisms of the DNMT inhibitors as well as the degree and type of aberrant DNA methylation in different cancers should lead to even more clinical success in the future as we switch from using cytotoxic therapies to targeted therapies that can reverse the cancers back to a more normal-like state. 
